Background: Horizontal gene transfer through natural transformation of members of the microbiota of the lower gastrointestinal tract (GIT) of mammals has not yet been described. Insufficient DNA sequence similarity for homologous recombination to occur has been identified as the major barrier to interspecies transfer of chromosomal DNA in bacteria. In this study we determined if regions of high DNA similarity between the genomes of the indigenous bacteria in the GIT of rats and feed introduced DNA could lead to homologous recombination and acquisition of antibiotic resistance genes. Results: Plasmid DNA with two resistance genes (nptI and aadA) and regions of high DNA similarity to 16S rRNA and 23S rRNA genes present in a broad range of bacterial species present in the GIT, were constructed and added to standard rat feed. Six rats, with a normal microbiota, were fed DNA containing pellets daily over four days before sampling of the microbiota from the different GI compartments (stomach, small intestine, cecum and colon). In addition, two rats were included as negative controls. Antibiotic resistant colonies growing on selective media were screened for recombination with feed introduced DNA by PCR targeting unique sites in the putatively recombined regions. No transformants were identified among 441 tested isolates.
Background
Relatively few studies have examined the occurrence of horizontal gene transfer (HGT) by natural transformation in the gastrointestinal tract (GIT) of mammals under in vivo conditions [1] [2] [3] [4] [5] . It is unclear if the lack of observable competence among bacteria in the GIT is due to experimental limitations, limited occurrence in the few model bacteria examined, or due to true lack of conditions conductive for the development of competence among members of the GIT microbiota of various mammals.
There are several requirements for natural transformation to take place with non-mobile DNA in the GIT [6, 7] . First, bacteria must be able to express a competent stage while in the GIT system. Numerous bacterial species present in the GIT are known to be able to develop natural competence when grown in vitro [8] [9] [10] . For instance, species within the genera Bacillus, Campylobacter, Helicobacter, Lactobacillus, Neisseria, Pseudomonas, Streptococcus, and Vibrio are known to express competence under specific laboratory conditions. However, so far only few in vivo studies have reported on the occurrence of bacterial competence in the GIT and those are limited to the upper GIT. The lower part of the GIT has nevertheless been suggested to be the most active site for HGT processes due to abundance of nutrients, high bacterial density and slower degradation rates of DNA [11, 12] .
Second, extracellular DNA of sufficient length and concentration must be present and accessible to competent bacteria. Several experimental studies have investigated the stability of DNA in the GIT of mammals ( [2] [3] [4] [13] [14] [15] [16] [17] [18] [19] [20] ) suggesting that minor fractions of DNA provided with different feed sources may remain in various GIT compartments. For a recent review, see Rizzi et al. [5] . Moreover, that minor portions of such DNA can remain of sufficient size for the acquisition of functional traits (e.g. new protein coding sequences) by competent bacteria.
Third, chromosomal DNA fragments taken up over the cytoplasmic membrane must be able to recombine with the bacterial host chromosome for stable inheritance and vertical transmission [21] [22] [23] . In general, incoming DNA must contain regions of minimum bp in length of high similarity to the recipient genome for homologous recombination to occur [24] [25] [26] [27] [28] . These prerequisites are met by ribosomal gene sequences, which are sufficient in length and degree of sequence conservation for homologous recombination events [29] .
Several studies have investigated conditions for natural transformation in the upper GIT. The oral cavity is the first place feed introduced DNA enters the GIT and therefore also contains the highest amount of DNA ingested. In general, a highly time-limited stability of DNA and ability to transform defined model bacteria introduced to saliva or stomach fluids has been observed in vitro and in vivo [16, [30] [31] [32] [33] [34] . Only few studies have investigated the occurrence of natural transformation in the compartments of the lower GIT. Wilcks and colleagues [2, 3] reported some persistence of introduced DNA in the GIT of germ-free/gnotobiotic or mono-associated rats, but did not detect uptake of plasmid DNA by E. coli, Bacillus subtilis, or Streptococcus gordonii. In another study, Nordgård et al., [4] examined the ability of Acinetobacter baylyi colonized gnotobiotic mice and rats for potential in vivo transformation of bacteria with feed introduced DNA. No transformants were detected in vivo or in vitro. In the only in vivo study of natural transformation of bacteria present in the GIT of humans published so far, only limited persistence of food-derived plant DNA was found [1] . The DNA did not survive passage through the GIT of healthy human subjects as determined by PCR. Three out of these seven human volunteers (ileostomists) showed evidence of lowfrequency HGT of plant DNA (the epsps transgene) to the microbiota of the small bowel, but this appeared to have occurred before feeding the experimental meal and no single microbial isolate could be obtained for further analysis. With the exception of the in vivo study in human described above, most published studies focusing on natural transformation in the GIT have used experimental models aimed at detecting HGT events occurring into single bacterial strains introduced into the GIT system.
The aim of this study was to examine if naturally occurring aerobic bacteria in the GIT of rats can undergo natural transformation and recombination with feed introduced DNA. We hypothesized that regions of high DNA similarity between the introduced DNA and the indigenous bacteria in the rat GIT would lead to stable integration of two selectable marker genes (streptomycin or kanamycin resistance) based on homologous recombination. Moreover, that such events occurred at a frequency that was detectable by direct selective plating. Plasmid DNA with 16S rRNA and 23S rRNA sequences flanking the two antibiotic resistance marker genes were mixed with standard rat feed pellets ( Figure 1) . A doublesided homologous recombination event with sequencesimilar rRNA genes in competent bacteria in the rat GIT would lead to integration of the antibiotic resistance genes ( Figure 2 ). Recombinant-specific primer annealing sites were chosen to enable unambiguous detection of transformants carrying chromosomal integrations of the resistance genes among the overall population of bacteria recovered from the GIT.
Results

Natural transformation
The plasmids (purified from E. coli) were highly potent in generating transformants when incubated with naturally competent A. baylyi cells in vitro on LB agar plates. Transformation frequencies of above 1,4 × 10 -5 were obtained per 0,2 μg plasmid (data not shown): similar to previous in vitro studies with the same experimental setup [35, 36] .
To address the question whether the plasmids are also sufficient for natural transformation studies of phylogenetically distant bacteria, natural transformation assays were performed with pM1, pM2 and pM3 using~30 different marine isolates as potential recipients. These studies revealed the ability of different Gammaproteobacteria and Actinobacteria to be naturally transformed with the three DNA constructs, even in the presence of significant differences in 16S rRNA identity ( Table 1) .
Total CFU and resistant CFU in the gut contents
The total CFU and the number of resistant CFU in samples from the stomach, small intestine, cecum and colon of rats were determined after the 4 days of plasmid exposure. The mean numbers of bacteria in the different compartments are presented in Table 2 . The bacterial counts varied between individuals, for instance, in the stomach, the total CFU ranged from < 1 × 10 3 to 6 × 10 5 , in the small intestine the CFU varied from < 10 3 to 2 × 10 7 . Total CFU obtained for material sampled from the cecum and colon were lower than expected, ranging form < 1 × 10 6 (not quantifiable due to dilution error, most of the individuals) to up to 4 × 10 7 . Variability in CFU numbers is expected due to different amounts of food material present in the colon of each rat; reflecting differences in activity, eating pattern and digestion. CFU numbers of resistant colonies determined by plating on selective media containing streptomycin and kanamycin were very low. In most animals we could not detect culturable resistant bacteria; with a detection limit of 1 CFU per gram material. However, from some compartments and individuals a few colonies emerged on the selective media (see Table 2 ). A total of 441 isolates were collected from plates inoculated with GIT material obtained from exposed rats, and 17 isolates from GIT material obtained from nonplasmid exposed rats. All isolates growing on selective media were picked and frozen in LB media with 15% glycerol for further characterization.
PCR analyses of antibiotic resistant colonies
None of the 441 antibiotic resistant bacteria recovered from the GIT content of DNA exposed rats produced a positive PCR signal. The total amount of bacteria plated on selective media from the six exposed individuals exceeded 1 × 10 8 bacteria. Thus, less than 1 antibiotic resistance gene transfer event was observed per 1,1 × 10 8 culturable bacteria. The transformation frequency of the culturable bacterial fraction with the feed added plasmid was therefore less than 8,8 × 10 -9 transformants per culturable bacteria. Discussion Natural transformation of microbial communities in the GIT requires the presence of bacteria that express competence in gut locations where DNA is present and accessible. Moreover, those competent bacteria must be able to integrate and vertically transfer the DNA over subsequent generations (i.e. through linkage to a replicating unit). Finally, no significant absolute or relative fitness reductions should be experienced by the transformed cells [37] . The model system presented here was optimized such that the requirements for stable inheritance were met through providing the target DNA with flanking regions sharing homology to bacterial rRNA genes harboured by a subset of the bacteria present in the GIT of rats. Table 3 lists the bacterial species with less than 25% DNA sequence divergence at the 16S or 23S loci. The in vivo model system used also included a selectable marker system (nptI, aadA) that facilitated unambiguous detection of HGT among the diversity of the culturable bacterial populations. Although the model system chosen attempted to circumvent some natural barriers to HGT (introduced DNA sequence similarity) and model based limitations (strong positive selection of transformants, and high levels of DNA exposure to natural bacterial communities) no transformants were observed among the 6 rats and approx. 10 8 cultivable, aerobic bacteria examined. Several factors relevant to these findings may explain the lack of observable uptake of plasmid DNA in this study: i) Natural transformation does not occur in the GIT of rats due to lack of competence-expressing bacteria or lack of access to extracellular DNA for competent bacteria.
ii) Natural transformation occurs at frequencies below the levels detectable within a limited number of aerobic bacteria per animal GIT and days of DNA exposure. The various parts of the GIT support different inoculum densities [12] . Although total CFU numbers were at reasonable levels in the various gut compartments in rats (10 3 -10 7 CFU per gram GIT content), these population sizes may be too small to enable identification of rare HGT events in individual, single GITs [4, 38] . The detection limit per rat and GIT compartment is thus 1 transformant per 10 3 to 10 7 bacteria, in our study. A detection limit of 1 transformant per 1 × 10 8 bacteria is reached when the overall number of CFU tested is summarized for the 6 rats. Transformable bacterial species may nevertheless express competence below this frequency range and screening of larger bacterial population sizes should be considered for consistent detection or rare HGT events. The number of species in the GIT of rats that are expected to be competent based on in vitro data is only a fraction of overall population size and diversity. It can be estimated that it would be necessary to sample the combined bacterial populations of the GIT content of 60 to 6 000 rats to identify bacterial transformants produced at lower frequencies of 10 -10 to 10 -13 . All the 441 colonies growing on selective-agar plates were tested by PCR for possible uptake of the plasmid DNA and none were found positive. The detection limit is therefore calculated as the reciprocal of the total CFU (summarized for each compartment for all 6 rats); and given as an absolute number. As seen from the range of total CFU obtainable per individual animal, the detection limit can vary 1000-fold. Specifically, the summarized CFU numbers for the compartments of the six DNA feed rats were 1,2 × 10 6 (stomach), 2,3 × 10 7 (small intestine), < 10 6 (cecum) and 9,0 × 10 7 (colon). b Despite preliminary studies to quantify the expected total CFUs, the number of CFU in the cecum and colon fell in several cases below the expected concentration/plate dilutions made. Hence the total CFU number could not be determined.
iii) Natural transformation is limited in frequency due to the low concentrations or lack of accessibility of DNA substrates in the different compartments of the digestive tract. Although a continuous supply of DNA was ensured by daily administration of high amounts (100 μg plasmid DNA), purified DNA is known to rapidly fragment in vivo. However previous studies have shown that minor proportions of orally ingested plasmid DNA persist in a biologically active form in the GIT of rats [2, 3] , and 1-2% of plasmid and bacteriophage DNA can survive passage through the mouse GIT and be detected in the faeces [13] [14] [15] . The latter study detected size ranges from a few hundred bp up to about 1700 bp. Similar observations of short fragment size have also been reported in other animal experiments involving fish, poultry, pig, sheep, cattle and humans [16] [17] [18] [19] 32, [39] [40] [41] . See Rizzi et al. [5] , for a comprehensive review. However, almost all of these studies have biochemically analyzed persistence and degree of fragmentation after recovery of DNA from the gut. So far, little information is available on the extent that DNA fragments present in various gut compartments are physically accessible to bacteria as templates for natural transformation [4, 5] . The study by Nordgård et al. [4] indicates that gut contents may be inhibitory to natural transformation. The study examined the effects of the GIT content of both normal microbiota rats and germfree mice in in vitro Table 3 Bacterial genera with species that are less than 25% divergent at the 16S or 23S loci compared to the DNA sequences present in plasmids pM2 and pM3 transformation assays of competent cells of A. baylyi. The study showed that the presence of both types of gut contents was inhibitory to transformation [4] . Only purified DNA added to cecum and large intestine content samples from germfree mice was able to transform A. baylyi at low frequencies in vitro. The sharply reduced DNA uptake frequencies also observed in the presence of sterile gut material from mice indicate that microbially produced DNA nucleases were not responsible for the absence of observable transformation. Bacterial nucleases have also in other studies been found to play a minor role in DNA degradation in the GIT [2, 3, 42] . Thus, host nucleases or other macromolecules present in the GIT may inhibit natural transformation.
iv) Natural transformation occurs in the GIT but is not observed in our model systems due to other technical limitations. These limitations can include the possibility that bacterial species present in the gut only express competence as a response to certain host physiological conditions or certain (feed) nutrition sources not adopted in our feeding protocol. Moreover, it cannot be excluded that the plasmid DNA used for our transformation study in vivo was not optimal for DNA uptake among all the relevant competent bacterial species in the gut. The DNA similarity, present on the plasmids used, is highest to the Acinetobacter and Psychobacter genera. However, the in vitro experiments with some marine isolates confirmed the broader applicability of these vectors for natural transformation studies. To our knowledge the results obtained from the in vitro study of the marine isolates represent the first report of natural transformation of members of the genera Photobacterium, Marinobacter and Psychrobacter (Gammaproteobacteria) and the genus Kocuria (Actinobacteria). These observations suggest that the constructed vectors can be used to detect novel transformable bacteria from various environmental samples. As most bacteria have multiple copies of rRNA genes [43] , a lethal effect of an integration of the marker genes into a single rRNA locus is not expected.
Finally, molecular evidence indicates that as little as 10% and up to 40-50% of the GIT population can be identified by differential plating methods [44] . The inability to isolate the major fraction of the microorganisms in the GIT, and importantly the obligate anaerobic proportion, on agar media could also contribute to the failure to detect transformants in our model system. However, it is emphasized that most GIT bacteria that are of high concern in the context of resistance development do belong to the culturable fraction (e.g. the Enterobacteriaceae). The lack of provision of an immediate selective advantage to the transformants may also have given the net result that rare transformants failed to survive and to expand to numbers that were sufficient to allow their detection [37] .
Conclusions
Natural transformation occurring among members of the bacterial community in the lower GIT remains to be demonstrated. Most previous studies have examined natural transformation of single bacterial species introduced into the GIT of various mammalian species. The model system presented here allowed a subset of the aerobic microbial community to be tested for competence development; however, transformants were not detected among the 6 rat GITs and 10 8 bacteria tested; suggesting a transformation frequency below 8.8 × 10 -9 (for the combined rat samples). As discussed here, small rodent models may harbour too few culturable bacteria per individual and gut compartment to allow realistic detection limits of natural transformation events in the lower GIT. The design of future studies must consider the opportunities and limitations inherent in the population sizes of culturable aerobic and anaerobic bacteria in the model organism used, the transformable fraction and level of competence expressed among these, and the DNA exposure rates expected in the various GIT compartments.
Methods
Plasmids
Three chromosome integration vectors, pM1, pM2 and pM3 were derived from the E. coli vector pBIISK (oriV of pMB1) (Figure 1 ). pM1 (9500 bp) and pM2 (9338 bp) both carry the 16S rRNA gene (bp 331-1331) from Acinetobacter baylyi ADP1 and the 23S rRNA gene (bp 68-1326) from a marine Psychrobacter isolate. The 16S rRNA gene was amplified with primer pair F16 and F17, and the 23S rRNA gene was amplified with primer pair F13 and F14. The rRNA sequences flank genes encoding the green fluorescent protein (GFP) and streptomycin and kanamycin resistance. The two resistance markers can be used for selection of transformants. The gfp gene enables detection of transformants but was not used throughout this study since transformants were already obtained by selection alone. In pM3 (8281 bp) the resistance genes and gfp gene are flanked by two 16S rRNA gene sequences (bp 362-693 and bp 694-1331) (Figure 1) . The plasmids were maintained in E. coli TOP10 cells (Invitrogen) grown on LB agar containing streptomycin (50 μg/ml) and kanamycin (100 μg/ml). Plasmid DNA was isolated using the Qiagen Plasmid Maxi Kit (Qiagen, Germany) following the manufacturer's protocol and quantified by Nanodrop ND-1000 (Nanodrop Technologies) prior to dilution and mixing in feed. The integrity of the plasmids was also confirmed by agarose gel electrophoresis.
Bioinformatic analyses
The level of similarity between the 16S and the 23S rRNA gene fragments inserted into the pM2 and pM3 plasmids with known DNA sequences was determined.
The partial nucleotide sequence (331-1331 bp) of the 16S rRNA gene of A. baylyi DSM14961 type strain (EF611407) and the partial nucleotide sequence (68-1326 bp) of the 23S rRNA gene of Psychrobacter faecalis strain DSMZ 14664 (HM236417) were used for BLASTN retrieval. The search was limited to the type strain bacteria of the most common genera found in rat and in mouse GIT system [45] [46] [47] [48] [49] . For the 16S rRNA fragment, the BLASTN search was to 101 different bacterial species, while for the 23S rRNA fragment it included 302 different bacterial species. The maximum target sequences parameter was set to 500.
Natural transformation
Cells of the naturally competent A. baylyi strain BD413 were exposed to the plasmids (pM2 and pM3) to confirm that the purified plasmids were able to transform a known naturally competent bacterium at high frequencies. For the in vitro filter transformation assays, 0.2, 2, or 20 μg of purified plasmid DNA (Qiagen Miniprep kit, Germany) was mixed with 100 μl of bacterial cells, and incubated on nitrocellulose filters on LB agar plates for 24 h to allow binding and uptake of DNA and replacement recombination events of the ribosomal gene sequences (Figure 2. ), before serial dilutions and selective plating on LB agar as described by Ray and Nielsen [50] . To confirm the broader functionality of the plasmids for natural transformation, available marine isolates of the Gammaproteobacteria, Actinobacteria and Alphaproteobacteria were exposed to pM1, pM2 and pM3. Purified plasmid DNA (1 μg) was linearized with NotI and mixed with 100 μl of overnight culture of a marine isolate and incubated on nitrocellulose filters on marine broth (MB) agar (18.5 g marine broth, 10 g NaCl and 15 g agar per liter, pH 7.6) at room temperature for 24 to 48 h (until growth was visible). After serial dilutions of the cells with saline, selective plating was done on MB agar containing 100 μg/ml streptomycin and 100 μg/ml kanamycin. Transformation was confirmed by selective plating and PCR using primers E9F and K1 for amplification of the 16S rRNA gene and gfp, and primers kmup and 97ar for amplification of nptI and 23S rRNA genes (Table 4 and Figure 2 ).
Rat feed preparation
Food pellets were made by mixing 80 ml sterile water with 200 g of standard rat feed powder AIN-93 (Scanbur BK AS, Norway) [55] . After solidification overnight at 4°C, the mass was cut into 1.5 × 1.5 × 1.5 cm feed pellets and left on a tray covered with baking paper to dry overnight in a sterile hood at RT. The pellets were kept at -20°C until used. A total of 100 μg plasmid DNA (pM2 and pM3 at equal amounts) was pipetted into the dry feed pellet. Control rats received the same pellets, but without DNA.
Previous studies have shown that the feed source is free of DNA and that DNA mixed into the pellet does not degrade or lose its ability to transform bacteria over a 72 h incubation period at RT [56] .
Feeding trial
Wistar rats (Mol:WIST Han, M&B Denmark), bred at the rat facility of the Animal Department of the University of Tromsø, Norway were used. The rats (200 ± 20 grams) were referred to two different groups. Group one consisted of two rats: one female and one male and group two: three females and three males. Group one was given the pellet meal only (contained no DNA; negative control group), while group two was given the target meal (feed pellets with added plasmid DNA). The total amount of plasmid DNA ingested per rat in group two was 100 μg per day for four days (50% pM2 and 50% pM3). Plasmid DNA was provided as a purified DNA extract; with no restriction enzyme treatment. The rats were killed in a CO 2 chamber 4 days after starting on the target meal, and immediately before sampling of contents from the different GI compartments (stomach, small intestine, cecum and colon). The experiments/housing procedures were approved by The National Animal Research Authority, Norway.
Enumeration of bacterial cells
Before starting the feeding trials, the overall background level of antibiotic resistance to streptomycin and kanamycin were determined for faeces from rats kept at the Animal facility used for the feeding trial. No colonies emerged on the selective plates (data not shown); indicating a low level of background resistance among the aerobic population and suitability of streptomycin or kanamycin in identifying bacterial transformants.
The content from the different sampling sites (stomach, small intestine, cecum and large intestine) were plated on LB agar-plates. Total CFUs (colony forming unit) per gram were determined under aerobic conditions on non-selective plates (100 μl of ten-fold dilutions made in saline), and on plates with streptomycin or kanamycin (both 50 μg/ml) for transformant CFU per gram. Approx. 20 transformant-selective agar plates were used per sample (of approx. 1 g) to ensure sufficient dispersal of gut material per plate and to prevent bacterial growth on insoluble feed material. CFU were determined after incubation at 37°C for 46 h. The transformation frequencies are given as the number of CFU growing on transformant-selective plates divided by the number of CFU on non-selective plates. The detection limit is given as the reciprocal of the number of CFU on non-selective plates. The colonies grown on the selective plates were picked and kept at -20°C in LB medium containing 10% glycerol and kanamycin or streptomycin at 50 μg/ml until further analysis. The total number of bacterial cells tested for potential uptake of added plasmid DNA was calculated as the sum of the numbers of bacteria (CFUs) obtained under aerobic conditions on non-selective plates for the 6 treated rats combined (1,1 × 10 8 CFUs); as an equal or higher amount of sample was also plated on the selective media for growth of transformed cells. Thus, the detection limit represents the potential for transformation occurring in the GIT of a rat population consisting of 6 individuals.
Bacterial DNA isolation and PCR amplification
DNA was isolated from colonies that emerged on the selective agar plates with the GenElute Bacterial Genomic Kit (Sigma) following the manufacturer's protocol. Isolated DNA was quantified with a Nanodrop ND-1000 (Thermo, USA). The DNA from single, restreaked colonies was subjected to PCR analysis of the bacterial 16S rRNA gene to confirm the general absence of PCR inhibitors. The reactions were performed in a total volume of 25 μl containing the following: 0,75 μl of each primer at 10 μM, 12,5 μl HotStarTaqMix (Qiagen, Germany), 10 μl water and 1 μl bacterial DNA template (100 ng/μl). Primers and cycling conditions used are listed in Tables 4 and 5 . The PCR products were run on 1% agarose gels before visualization.
To determine if the emerging antibiotic resistant bacteria arose from recombination (transformants), primers targeting different regions of the two plasmid constructs were used (Table 4 ). For each resistant bacterial colony obtained, PCR was done to define if a fragment of the plasmid (pM2 or pM3) was inserted into the genome. The reactions were performed in a total volume of 50 μl containing the following: 1 μl of each primer at 10 μM, 25 μl DYNAzyme™ II PCR Master Mix (Finnzymes Oy, Finland), 18 μl ddH 2 O and 2 μl DNA template (100 ng/ μl). Negative PCR setup controls (no DNA template), negative rat controls (received no DNA in feed) and positive controls (plasmid dilution series) were included in each PCR set-up. Primers and cycling conditions are listed in Tables 4 and 5 . 
